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Because the use of antibiotics is forbidden, piglets experience a considerable weanling

stress, resulting in increased incidence of diarrhea and death. Macleaya cordata extract

or benzoic acid have anti-inflammatory, antioxidant, and antimicrobial activities that

makes them potential antibiotic alternatives. The objective of this study was to evaluate

the potential effects of feed supplemented with Macleaya cordata extract and benzoic

acid on growth performance, immunity, antioxidant capacity, intestinal morphology, and

microflora in weaned piglets. Twenty-four weaned piglets [Duroc × (Large White ×

Landrace)] 28 days of age and weighing 8.41 ± 0.13 kg were randomly divided in equal

numbers (n = 8) into three groups fed a basal diet (CON), CON + 20 mg/kg flavomycin

+ 50 mg/kg quinocetone (AGP), or CON + 50 mg/kgMacleaya cordata extract + 1,000

mg/kg benzoic acid (MB). Compared with the CON diet, dietary MB or AGP increased

the final weight and average daily gain, and reduced feed efficiency and the diarrhea

rate (P < 0.05). Compared with the CON diet, MB supplementation increased serum

superoxide dismutase (SOD activity) and decreased malondialdehyde (MDA) content (P

< 0.05). Serum interleukin (IL)-10 IgA and IgM were higher (P < 0.05) in MB-fed piglets

than in CON-fed piglets. Piglets fed the MB diet had greater villus height and villus height

to crypt depth ratio (VC) in the duodenum, villus height in the ileum, and lower crypt

depth in the jejunum than did piglets given the CON diet (P < 0.5). Piglets in the MB

group had increased concentrations of acetate, propionate, butyrate, and total short-

chain fatty acids in the ileum or cecum compared with the CON and AGP groups (P <

0.05). Streptococcus proportion was lower in the MB than in the AGP group. Dietary MB

increased the Lactobacillus and decreased Escherichia-Shigella populations compared

with the CON group (P< 0.05). The study results indicate that MB can be used to replace

AGP as a feed supplement for weaned piglets.
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INTRODUCTION

Weaning is one of the most stressful challenges for maintaining
the growth of piglets because of unexpected changes in
feeding, management, and the surrounding environment (1).
The challenge may present negative effects that affect the overall
condition of piglets such as immune dysfunction, change in
nutritional intake and intestinal functions, as well as an increase
in disease (2). Antibiotic growth promoters (AGP) are widely
used as feed additives in the animal industry to promote growth
and prevent disease (3). However, the inclusion of antibiotics
in animal diets is a controversial issue worldwide (4). AGP
was forbidden as a medicinal feed additive to promote growth
following the demonstration of residues and the development
of resistant strains of bacteria. Alternatives to antibiotics are
currently an international research hotspot (5). Potential benefits
of bioactive plant substances and organic acids for domestic
animals include promoting nutrient absorption and digestion,
improving animal growth performance, and promoting intestine
health and immune status (6).

Sanguinarine is a naturally bioactive alkaloid obtained from
Macleaya cordata (a perennial herb of the family Papaveraceae)
that has antimicrobial activity, anti-inflammatory mediators, and
antioxidative properties (7). Sanguinarine has been regarded
as a superb animal feed additive because of its unique
pharmacological characteristics and nutraceutical effects (8).
Previous studies indicated that dietary supplementation of
Macleaya cordata extract (MCE) could improve the growth
performance of grass carps (9, 10), weaned pigs (11), and broilers
(12). We previously reported that dietary supplementation with
MCE improved the growth performance, antimicrobial activity,
and intestinal development in weaned piglets (13, 14). Benzoic
acid is the simplest aromatic carboxylic acid. It was approved at
a dose of 0.5–1.0% in swine rearing by the European Union (15).
The small intestine is the main site of benzoic acid absorption
and transport by the monocarboxylic acid transporters (16).
Benzoic acid supplementation has been reported to regulate the
humoral immune response (17), increase antioxidant activity
(18), suppress pathogens (19), promote growth performance
and intestinal development (20, 21) when used as an additive
in livestock nutrition. Their potential benefits make MCE or
benzoic acid promising alternatives for AGP (22, 23). The
available research results of these additives on the growth
performance of weaned piglets are controversial, and the effect of
a single additive was limited (24–27). Potential synergism of plant
extracts and organic acids when used as feed supplements has
been reported (28, 29), but the combined use ofMCE and benzoic
acid as a substitute for antibiotics has not been investigated in
weaned piglets. The objective of this study was to evaluate the
effects of feeding combinations of MCE and benzoic acid on
the growth performance, immunity, antioxidant capacity, and
intestinal morphology and microflora in weaned piglets.

MATERIALS AND METHODS

These experiments were conducted in accordance with Chinese
guidelines for animal welfare and experimental protocols, and all

animal procedures were approved by the Committee of Animal
Care at Hunan Agricultural University (Changsha, China)
(Permit Number: CACAHU 2021-00166). Macleaya cordata
extract with more than 3.75% sanguinarine was purchased
from Hunan Meikeda Biological Resources (Changsha, China).
Benzoic acid with a purity of 45% and a silicon dioxide carrier
were provided by Guangdong Acid Power Biotechnology Co.,
Ltd. (Qingyuan, China).

Animals, Housing, and Experimental
Treatments
Twenty-four weaned [Duroc × (Large White × Landrace)] 28-
day-old piglets weighing 8.41 ± 0.13 kg were assigned in equal
numbers (n = 8) to three dietary groups in a randomized
complete block design according to their initial body weight. The
study treatments were: (1) a corn-soybeanmeal basal diet (CON);
(2) CON+ 20 mg/kg flavomycin+ 50 mg/kg quinocetone AGP;
(3) CON + 50 mg/kg MCE + 1,000 mg/kg benzoic acid (MB).
The pigs were individually housed in cages (150 cm long ×

105 cm wide × 120 cm high) equipped with a water source. All
diets were formulated to meet National Research Council (NRC,
2012) nutrient requirements (Table 1). The feeding trial lasted
for 28 days. The diets and clean drinking water were provided
ad libitum.

Growth Performance and Diarrhea
Incidence
All pigs were weighed individually when they arrived at the
experimental base. The study lasted 28 d. The individual body
weight at completion of the study and the feed consumption per
cage were measured and were used to calculate the average daily
gain (ADG), average daily feed intake, and the feed conversion
ratio (F/G), which was the feed consumption (g):weight gain
(g). The diarrhea incidence and fecal consistency scores (0 =

normal feces, 1 = soft feces, 2 = mild diarrhea, 3 = severe
diarrhea) were determined by a trained investigator with no prior
knowledge of the dietary treatment assignment. Diarrhea rate (%)
was calculated as the number of pigs with diarrhea× the number
of days with diarrhea/(the total number of pigs × the number of
study days).

Sample Collection and Preparation
Before the animals were euthanized by injection of pentobarbital
sodium (30), blood samples were collected by anterior vena cava
puncture in each treatment, centrifuged at 3,000 g at 4◦C for
15min to obtain the serum, and stored at −20◦C until analysis.
Segments of the mid-duodenum, mid-jejunum and mid-ileum
in each animal were collected and then stored at formalin for
the subsequent morphological examination. Intestinal digestive
samples were collected and stored at−80◦C for assays of volatile
fatty acids and 16sRNA.

DNA Extraction, Polymerase Chain
Reaction Amplification, and Sequencing
Genomic DNA was extracted from the microbial community
in cecal digestive samples using QIAamp Fast DNA Stool mini
kits (Qiagen, Hilden, Germany) following the manufacturer’s
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TABLE 1 | Ingredients and chemical composition of experimental diets

(as-fed basis).

Items Content (%)

Ingredients

Corn 55.00

Soybean meal 19.00

Full-fat soybean powder 10.00

Fish meal 5.00

Whey powder 6.15

Soybean oil 1.50

Dicalcium phosphate 0.90

L-Lysine-HCl 0.48

L-Threonine 0.05

DL-Methionine 0.10

L-Tryptophan 0.02

Salt 0.30

Limestone 0.50

Premixa 1.00

Total 100.00

Calculated nutrients

Digestible energy (MJ/kg) 14.64

Crude protein 20.15

Lysine 1.38

Methionine 0.82

Methionine + cysteine 1.01

Threonine 0.97

Tryptophan 0.25

Calcium 0.80

Total phosphorus 0.73

aThe premix provided the following (per kilogram of compound feed): Vitamin A, 12,000 IU;

Vitamin D, 2,500 IU; Vitamin E, 30 IU; Vitamin B12, 12 µg; Vitamin K, 3mg; d-pantothenic

acid, 15mg; nicotinic acid, 40mg; choline chloride, 400mg; Mn, 40mg; Zn, 100mg; Fe,

90mg; Cu, 8.8mg; I, 0.35mg; Se, 0.3 mg.

protocol. The final DNA concentration and purity weremeasured
with NanoDrop 2000 UV-vis spectrophotometers (Thermo
Scientific, Wilmington, USA); DNA quality was determined
by 1% agarose gel electrophoresis. The primers for amplifying
the V3–V4 hypervariable regions of the bacterial 16S rRNA
genes were 338F-ACTCCTACGGGAGGCAGCAG and 806R-
GGACTACHVGGGTWTCTAAT and an ABI GeneAmp R© 9700
PCR thermocycler (ABI, CA, USA) was used (31). The PCR
amplification system and conditions have been previously
described (32). The PCR products were extracted from 2%
agarose gels and purified using AxyPrep DNA gel extraction
kits (Axygen Biosciences, Union City, CA, USA) and quantified
using a QuantusTM fluorometer (Promega, USA). All steps are
performed following the manufacturers’ protocols.

Processing of Sequencing Data
The raw 16S rRNA gene sequencing reads were demultiplexed,
quality filtered, and merged using previously described criteria
(33) Briefly, (1) The 300 bp reads were removed from any site
with an average quality score of < 20 over a 50 bp sliding

window; (2) Exact barcode matching, two nucleotide mismatch,
and reads with ambiguous characters were removed. Overlapping
sequences exceeding 10 bp matching were assembled. The
maximum mismatch ratio of the overlap region was 0.2. Reads
with ambiguous characters were discarded; (3) Samples were
distinguished by barcodes and primers. And the sequence
direction was adjusted, with exact barcode matching and two-
nucleotide mismatch in primer matching.

UPARSE version 7.0.1090 (http://www.drive5.com/uparse/)
was used to cluster operational taxonomic units (OTUs) with
a 97% similarity cutoff. Chimeric sequences were identified
and removed (34). Mothur (version 1.30.2) (http://www.
drive5.com/usearch/) was used to assess the alpha diversity
of the microbiota (e.g., ACE and Chao richness estimators,
Shannon and Simpson diversity indices). Beta diversity
was evaluated using Principal coordinate analysis (PCoA)
based on the weighted_normalized_unifrac distance using
Qiime version 1.9.1 (http://qiime.org/install/index.html).
Significant differences between samples were tested by analysis
of similarities (ANOSIM).

Serum Assays
Total antioxidant capacity (T-AOC), glutathione peroxidase
(GSH-Px), superoxide dismutase (SOD), and malondialdehyde
(MDA) concentration were assayed in serum with commercial
reagent kits (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China). The concentrations of cytokines interleukin
(IL)-1α, IL-1β, IL-2, IL-6, IL-10 and tumor necrosis factor
(TNF)-α and immunoglobulin (Ig)A, IgM and IgG were assayed
in serum with commercial enzyme-linked immunosorbent assay
kits (Cusabio Biotechnology Co. Ltd., Wuhan, China) following
the manufacturer’s instructions.

Analysis of Short Chain Fatty Acids in the
Intestinal Digesta
One gram digesta of the ileal and cecal samples were weighed
into a 10-mL centrifuge tube for the analysis of short chain fatty
acids (SCFAs) including acetic, propionic, butyric, pentanoic,
isovaleric, and isobutyric acids. After adding 6mL of ultrapure
water, the samples were homogenized and centrifuged at 12,000
× g for 15min at 4◦C. Then, 900 µL of the clear supernatant and
100 µL 25% metaphosphoric acid solution were added to a new
tube and mixed. The supernatant was filtered through a 0.45-
µm syringe filter and assayed by gas chromatography (Aglient
7890, Agilent Technologies, Palo Alto, CA, USA) as previously
described (35).

Intestinal Morphology
Sections of the mid-duodenum, mid-jejunum and mid-ileum
in each animal were harvested and immediately fixed in 10%
formalin, dehydrated in 50% ethanol, embedded paraffin, and
sectioned 5µm for hematoxylin and eosin staining. The sections
were scanned and observed for histological examination by
light microscopy (Nikon ECLIPSE 80i) with a computer-assisted
morphometric system. The villus height, from the tip of the villi
to the junction of villus and crypt, crypt depth, defined as the
depth of the invagination between adjacent villi, and villus width.
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TABLE 2 | Effects of dietary Macleaya cordata extract and Benzoic acid

supplementation on growth performance of weaned piglets.

Items Treatmentsa SEM P-value

CON AGP MB

Initial weight, kg 8.43 8.41 8.40 0.13 0.995

Final weight, kg 18.13b 19.48c 19.59c 0.20 0.001

ADG, g 346.22b 395.66c 399.47c 9.13 0.021

ADFI, g 567.34 609.25 611.45 11.80 0.236

F/G 1.64b 1.54c 1.53c 0.02 0.017

SEM means standard error of the mean (n = 8). ADFI, average daily feed intake; ADG,

average daily gain; F/G, Feed/gain.
aCON: basal diet; AGP: basal diet + 20 mg/kg flavomycin + 50 mg/kg quinocetone; MB:

basal diet + 50 mg/kg Macleaya cordata extract +1,000 mg/kg benzoic acid.
b,cDifferent superscripts within a row indicate a significant difference (P < 0.05).

Ten well-oriented villi × 3 sections of each pig were used to
determine these indices.

Statistical Analysis
Experimental data was analyzed by SPSS software v. 20.0 (SPSS
Inc., Chicago, IL, USA). Data were expressed as means ±

standard error of the mean and significance was tested by one-
way analysis of variance with a Tukey post-hoc test. Significant
differences between mean values were defined at P < 0.05. The
abundance of genera with significant differences between groups
was assessed by the Kruskal–Wallis test.

RESULTS

Growth Performance
The effects of the three diets on growth performance are
shown in Table 2. Compared with the CON group, dietary MB
and AGP increased the final weight and decreased F/G (P <

0.05). However, there were no significant differences between
MB and AGP treatments (P > 0.05). As shown in Figure 1,
supplementation with MB and AGP decreased (P < 0.05) the
diarrhea ratio by 35.00 and 28.68%, respectively, compared with
piglets in the CON group.

Effects of MB on Antioxidant Function
As shown in Table 3, compared with the CON group,
supplementation with MB increased (P < 0.05) serum
SOD activity and decreased (P < 0.05) the MDA content.
Supplementation with AGP also decreased (P < 0.05) MDA
content. There were no significant differences between MB
treatment and AGP treatment. However, there was no
difference in serum T-AOC and GSH-Px levels among the
groups (P > 0.05).

Effects of MB on Immune Function
The results of the effects on immune-related parameters in serum
are shown inTable 4. TheMB group had higher (P< 0.05) serum
IgM and IL-10 concentrations than the CON group. The serum
content of IgA was increased (P < 0.01) in piglets fed MB and
AGP compared with those fed CON. However, differences in the

FIGURE 1 | Diarrhea rate of weaned piglets fed MB dietary treatments (%) (n

= 8). CON, basal diet; AGP, basal diet + 20 mg/kg flavomycin + 50 mg/kg

quinocetone; MB, basal diet + 50 mg/kg Macleaya cordata extract +1,000

mg/kg benzoic acid. Different letters mean differ significantly (P < 0.05).

TABLE 3 | Effects of dietary Macleaya cordata extract and Benzoic acid

supplementation on serum antioxidant activity of weaned piglets.

Items Treatmentsa SEM P-value

CON AGP MB

T-AOC, U/mL 3.42 3.65 3.83 0.09 0.161

GSH-Px, U/mL 311.30 318.50 337.37 7.25 0.331

SOD, U/mL 134.25b 137.55bc 145.16c 1.73 0.022

MDA, nmol/mL 6.50c 5.44b 5.29b 0.20 0.017

SEM means standard error of the mean (n = 8). T-AOC, Total antioxidant capacity;

GSH-Px, Glutathione peroxidase; SOD, Superoxide dismutase; MDA, Malondialdehyde.
aCON: basal diet; AGP: basal diet + 20 mg/kg flavomycin + 50 mg/kg quinocetone; MB:

basal diet + 50 mg/kg Macleaya cordata extract +1,000 mg/kg benzoic acid.
b,cDifferent superscripts within a row indicate a significant difference (P < 0.05).

levels of IgG, IL-1β, IL-2, IL-6 and TNF-α in serum in the three
study groups were not significant (P > 0.05).

Intestinal Morphology
The results of duodenum, jejunum, and ileum morphology are
shown in Table 5 and Figure 2. Compared with the CON group,
supplementation with MB increased (P < 0.05) villus height and
the villus height-to-crypt depth ratio (VC) in the duodenum and
villus height in the ileum, but reduced (P < 0.05) the crypt depth
in the jejunum.

Microbial Composition of the Cecum
Digesta
A total of 1,215,583 high-quality sequences were obtained
from 24 intestinal samples. High-quality reads were clustered
by > 97% sequence identity into 918 microbial OTUs. The
composition of bacteria can be seen in the mean-based
rarefaction curves shown in Supplementary Figure 1, in which
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TABLE 4 | Effects of dietary Macleaya cordata extract and Benzoic acid

supplementation on immune property of weaned piglets.

Items Treatmentsa SEM P-value

Control AGP MB

IgG, g/L 7.90 8.08 9.13 0.04 0.211

IgA, g/L 1.85b 2.20c 2.19c 0.06 <0.01

IgM, g/L 0.96b 1.25bc 1.30c 0.31 0.021

IL-1α, pg/mL 52.11 57.47 61.53 2.14 0.202

IL-1β, pg/mL 43.81 52.45 61.28 4.52 0.300

IL-2, pg/mL 54.99 61.94 50.38 4.02 0.518

IL-6, pg/mL 6.45 5.20 3.04 0.80 0.218

IL-10, pg/mL 8.78b 10.80bc 12.92c 0.56 0.005

TNF-α, pg/mL 12.92 13.67 14.53 0.43 0.333

SEM means standard error of the mean (n = 8). IgG, Immunoglobulin G; IgA,

Immunoglobulin A; IgM, Immunoglobulin M; IL-1α, interleukin 1α; IL-1β, interleukin 1β;

IL-2, interleukin 2; IL-6, interleukin 6; IL-10, interleukin 10; TNF-α, tumor necrosis factor α.
aCON: basal diet; AGP: basal diet + 20 mg/kg flavomycin + 50 mg/kg quinocetone; MB:

basal diet + 50 mg/kg Macleaya cordata extract +1,000 mg/kg benzoic acid.
b,cDifferent superscripts within a row indicate a significant difference (P <0.05).

TABLE 5 | Effects of dietary Macleaya cordata extract and Benzoic acid

supplementation on intestinal morphology of weaned piglets.

Items Treatmentsa SEM P-value

Control AGP MB

Villus height, µm

Duodenum 305.13b 320.53bc 332.27c 4.39 0.037

Jejunum 265.80 267.45 267.68 3.81 0.977

Ileum 233.68b 240.79bc 256.72c 3.96 0.048

Crypt depth, µm

Duodenum 264.16 260.20 250.39 4.77 0.489

Jejunum 236.94c 227.59bc 221.70b 2.52 0.041

Ileum 173.13 166.03 165.54 3.81 0.670

VC, µm: µm

Duodenum 1.16b 1.26bc 1.36c 0.03 0.033

Jejunum 1.13 1.19 1.21 0.02 0.225

Ileum 1.39 1.47 1.57 0.04 0.130

SEM means standard error of the mean (n = 8). VC, the Villus height to Crypt depth rate.
aCON: basal diet; AGP: basal diet + 20 mg/kg flavomycin + 50 mg/kg quinocetone; MB:

basal diet + 50 mg/kg Macleaya cordata extract +1,000 mg/kg benzoic acid.
b,cDifferent superscripts within a row indicate a significant difference (P <0.05).

can be found that each sample demonstrated adequate sequences.
The species richness and diversity indices are shown in
Supplementary Figure 2. Compared with the CON group, MB
and AGP supplementation increased (P < 0.01) the ACE
(Supplementary Figure 2A) and Chao indices (Supplementary

Figure 2B). The ACE and Chao indices of the MB and AGP
groups were significantly different (P < 0.05), but neither
the Simpson (Supplementary Figure 2C) nor the Shannon
(Supplementary Figure 2D) indices of the three treatment
groups were significantly different. Pigs fed MB had a greater
richness of intestinal microbiota compared with piglets that
were fed the AGP. Principal component analysis based on the

weighted_normalized_unifrac distance revealed that the bacterial
community of the CON group was significantly separated from
those of the AGP and MB samples (Figure 3A), indicating that
the microbial composition and structure of the CON group
piglets was different from those of the AGP and MB group
piglets. The hierarchical clustering tree shows that the microbial
composition of CON was almost entirely gathered in another
branch (Figure 3B). Significant differences among the microbial
composition of the study groups were revealed by ANOSIM as (r
= 0.4201, P < 0. 01, among the CON, AGP, and MB groups; r =
0.6507, P < 0.01 for AGP vs. CON; r = 0.6468, P < 0.01 for MB
vs. CON; and r = 0.0731, P = 0.156 for AGP vs. MB).

Nine phyla were identified in the cecal digesta
of the weaned piglets (Firmicutes, Proteobacteria,
Bacteroidota, Actinobacteriota, Spriochaetota, Patescibacteria,
Desulfobacterota, Campilobacterota and Cyanobacteria).
Of those, Firmicutes, Proteobacteria and Bacteroidota were
dominant, comprising 64.29, 23.96 and 1.77% of the CON group;
86.23, 5.10 and 4.91% of the AGP group; and 83.06, 3.82, and
2.20% of the MB group, respectively (Figure 4).

The 20 predominant genera of the cecal digesta are shown in
a heatmap (Supplementary Figure 3). Lactobacillus, Escherichia-
Shigella and Streptococcus were the three dominant genera in all
samples. Compared with the CON group, dietary MB increased
(P < 0.01) the abundance of Lactobacillus and decreased (P <

0.05) Escherichia-Shigella (Figure 5). Pigs supplemented with the
AGP diet also had a less (P < 0.05) abundant Escherichia-Shigella
population compared with pigs fed the CON diet. Compared
with the AGP diet, dietary MB and CON supplementation
decreased (P < 0.01) the abundance of Streptococcus.

SCFAs
The effects of the study treatments on microbial metabolism
in intestine are presented in Table 6. Piglets receiving MB
had increased (P < 0.05) the ileal concentrations of acetate,
propionate, butyrate, and total SCFAs compared with the CON
and AGP groups. Compared with the CON and AGP groups,
supplementation with MB increased (P < 0.05) the acetate,
propionate, and total SCFA concentrations, with a tendency
toward improvement of the butyrate concentration in the cecum
(P = 0.093).

DISCUSSION

Organic acids, plant extracts, prebiotics, and enzyme preparation
have been used as alternative to antibiotics as feed additives
for livestock production (36, 37). In swine production, MCE or
benzoic acid supplementation are effective in promoting growth
performance, feed efficiency and preventing the occurrence of
diarrhea at the weaning stage (15, 38). Previous studies found
that MCE benefitted the growth performance of broilers (12,
39). Kantas et al. (40) reported that MCE-supplemented diets
increased the body weight and ADG and reduced F/G in
weaned pigs. This study, we found that MB supplementation
increased the ADG and decreased the F/G and the diarrhea
rate in weaned pigs. Similar results were reported by Yang
et al. (41), who reported increased final body weight and
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FIGURE 2 | Detection of small intestine morphology of weaned piglets [H&E, 40X]. CON, basal diet; AGP, basal diet + 20 mg/kg flavomycin + 50 mg/kg quinocetone;

MB, basal diet + 50 mg/kg Macleaya cordata extract +1,000 mg/kg benzoic acid.

ADG in weaned piglets fed diets containing essential oils
and organic acids. Previous studies have revealed that MCE
improved protein retention by inhibiting the decarboxylation
of aromatic L-amino acids (42). Furthermore, Diao et al.
(19) showed that benzoic acid could improve ADG and
prevent diarrhea in weaned pigs by lowering the digesta pH
and maintaining the composition of the microflora. Dietary
benzoic acid has additional benefits of increasing the nutrient
digestibility and improving growth performance (20–24). In
conclusion, MB diet improved the growth performance of
piglets, which provides new insights into the use of MB as an
alternative antibiotic.

Previous studies demonstrated that weaning stress may lead
to the inhibition of cellular antioxidant ability and an increase
of oxidative stress (18, 43). Serum GSH-Px and SOD activities
are used to evaluate non-enzymatic antioxidant defense and
MDA is used as an indicators of lipid peroxidation (13). In
this study, MB supplementation weaned increased serum SOD
activity of SOD and decreased MDA content in weaned piglets.

Previous studies found that natural antioxidants including
phytochemicals, herbal plants, and vitamins exhibit antioxidant
activity by scavenging reactive oxygen species (ROS) and free
radicals that are present (44, 45). MCE has been shown to protect
against the deterioration of physiological processes by scavenging
ROS and inhibiting lipid peroxidation (12, 14, 46). Hui et al.
(47) found that supplementing the diet of young pigs with 0.5%
benzoic acid benzoic acid improved the activities of SOD and
GSH-Px in the jejunal mucosa. Dietary supplementation with
125 mg/kg benzoic acid inhibited membrane lipid peroxidation
by decreasing MDA production (48), similar results have been
reported in vitro model (39). Data from the present study
suggested that the dietary MB had a positive effect on the
antioxygenic property in weaned piglets and MB did not cause
oxidative stress. The available evidence suggests that dietary MB
in weaned piglets may to deal with increased oxidative stress
caused by weaning.

In this study, MB supplementation improved serum
immunoglobulins (IgA, IgM) and IL-10 concentration in
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FIGURE 3 | (A) Principl coordinates analysis (PCoA) of microbial composition in the cecal digesta of weaned piglets (based on the weighted_normalized_unifrac

distance). (B) Analysis of hierarchical clustering tree on OTU level showed that the microbial composition of CON group had clearly distinct with the other two groups

as they located distributed almost in another branches. CON, basal diet; AGP, basal diet + 20 mg/kg flavomycin + 50 mg/kg quinocetone; MB, basal diet + 50

mg/kg Macleaya cordata extract +1,000 mg/kg benzoic acid.

FIGURE 4 | Relative abundance of intestinal bacteria based on the Phyum level. CON, basal diet; AGP, basal diet + 20 mg/kg flavomycin + 50 mg/kg quinocetone;

MB, basal diet + 50 mg/kg Macleaya cordata extract +1,000 mg/kg benzoic acid.

weaned pigs, which is consistent with previous studies in
which supplemental 0.3 g/d MCE activated immune function
and improved the growth performance of early weaned goats
(38). Long et al. (49) reported that dietary supplementation
with 2,000 mg/kg MCE increased the serum concentration
of IgG and IgM in piglets. Serum immunoglobulins (e.g.,

IgG, IgA and IgM) are key indicators of immune function.
Improved growth performance might be attributed to a more
balanced immune steady state (50). The immune response is
controlled by a complex interplay of various cytokines (11).
Some proinflammatory cytokines and mediators (e.g., TNF-a,
IL-6 and IL-1β) have been used as markers of anti-inflammatory
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FIGURE 5 | Comparative analysis of 3 most relative abundances of gut microbiota at the genera level. Kruskal–Wallis test followed by Tukey test was used to evaluate

the statistical significance. Asterisks express statistical differences between different groups: *0.01 < P ≤ 0.05, **0.001 < P ≤ 0.01, ***P ≤ 0.001. CON, basal diet;

AGP, basal diet + 20 mg/kg flavomycin + 50 mg/kg quinocetone; MB, basal diet + 50 mg/kg Macleaya cordata extract +1,000 mg/kg benzoic acid.

activity in a dextran sodium sulfate colitis mouse model (51, 52),
and IL-10 has anti-inflammatory properties and functions
in immune regulation (53). Previous studies have found that
dietary MCE supplementation decreased serum IL-6 and IL-1β
concentrations and inhibited the progress of inflammatory
disease (54). Supplementing the diet of weaned piglets with 0.8
or 1.6% benzoic acid was found to inhibit the expression of the
inflammatory mediators TNF-a and IL-6 (10, 43). Furthermore,
Niu et al. (44) reported that MCE supplementation increased
serum IL-10 concentration. These results indicated that
dietary MB may activate the immune system by reducing pro-
inflammatory stimulus, and enhancing the anti-inflammatory
response, suggesting that dietary MB can improve humoral
immunity of pigs.

The intestine is not only a site of nutrient absorption,
but also plays a crucial role in defending against external
pathogens (20). A large ratio of villus height to crypt depth
represents greater absorptive efficiency of the small intestine for
nutrient absorption, and better resistance for disease (30, 43).
However, deep crypts and short villi have been associated with
increased incidence of disease (55). Halas et al. (20) reported
that the addition of benzoic acid to the diet improved intestinal
morphology and function in weaning pigs and then improved
nutrient absorption. In this study, MB supplementation was
associated with increased villus height in the duodenum and
an increased V:C ratio in the duodenum compared with the
CON group, both of which are indicative of improved intestinal
health. Our study is consistent with previous reports that
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TABLE 6 | Effects of dietary Macleaya cordata extract and Benzoic acid

supplementation on short chain fatty acids in intestines of weaned piglets.

Component

(mg/g)

Treatmentsa SEM P-value

Control AGP MB

Ileum

Acetate 0.499b 0.488b 0.583c 0.017 0.023

Propionate 0.097b 0.095b 0.105c 0.002 0.014

Butyrate 0.060b 0.061b 0.067c 0.001 0.026

Valerate 0.075 0.092 0.082 0.046 0.323

Isobutyrate 0.015 0.015 0.013 0.001 0.156

Isovalerate 0.013 0.010 0.009 0.001 0.401

Total SCFAs 0.759b 0.760b 0.859c 0.018 0.022

Cecum

Acetate 3.297b 3.255b 3.682c 0.174 0.025

Propionate 2.365b 2.297b 2.872c 0.243 0.020

Butyrate 1.732 1.655 2.034 0.157 0.093

Valerate 0.209 0.172 0.177 0.032 0.228

Isobutyrate 0.087 0.106 0.69 0.008 0.302

Isovalerate 0.129 0.149 0.108 0.009 0.180

Total SCFAs 7.821b 7.632b 8.940c 0.534 p < 0.001

SEM means standard error of the mean (n = 8). SCFAs, Short-chain fatty acids.
aCON: basal diet; AGP: basal diet + 20 mg/kg flavomycin + 50 mg/kg quinocetone; MB:

basal diet + 50 mg/kg Macleaya cordata extract +1,000 mg/kg benzoic acid.
b,cDifferent superscripts within a row indicate a significant difference (P < 0.05).

the supplementation 3.75 and 7.5 mg/kg MCE increased the
V:C ratio and decreased crypt depth in the jejunum (56,
57). In addition, Lee et al. (12) found that dietary MCE
supplementation resulted in a longer small intestine length,
which increased nutrient utilization that was associated with
improved growth performance in weaned pigs. Therefore, the
improved intestinal morphology induced by MB treatment
may indicate the maintenance of intestinal integrity and could
contribute to an improvement in growth performance.

A balanced intestinal microbial environment plays a critical
role in the development of intestinal morphology, and normal
animal physiology, better control of intestinal pathogens and
improved growth performance (58). In our current study, PCoA
revealed that the microbial composition and structure of the
CON differed from those of the AGP and MB groups, the
microbial composition of weaned piglets in the MB group
was similar to that of the antibiotic group. This suggests
that the change in gut microbiota structure results from its
accommodation to an intestinal environment created by adding
MB or AGP to the diet. As described below, there were some
changes in intestinal microbial composition and metabolism of
cecal digesta. As weaning leads to structural changes in the
small intestine and disturbance of the intestinal microbiota,
resulting in the microbiota structure of the weaning changes
(59). A broad pattern of dysbiosis in post-weaning diarrhea or
diseases of pigs has been noted, characterized by an increase
in Proteobacteria and other phylum (60). Escherichia coli and
Escherichia-Shigella belonging to the Proteobacteria phylum

can increase the occurrence of diarrhea (61), Streptococcus
from the Firmicutes phylum can causes disease (35), while
Actinobacteriota phylum is often found in stress-mediated
environment (62). Lactobacillus is potentially protective of the
intestine by producing antimicrobial substances that suppress
the colonization of pathogenic bacteria (63). In this study, MB
supplementation increased the abundance of Lactobacillus and
decreased the abundance of harmful bacteria (i.e., Escherichia-
Shigella and Streptococcus). Furthermore, Proteobacteria and
Actinobacteriota in MB diet were effectively inhibited. Similarly,
Diao et al. (19) reported that dietary supplementation with
5,000 mg/kg benzoic acid stimulated the growth of beneficial
bacteria (i.e., Lactobacillus and Bifidobacterium) and suppressed
pathogenic bacteria (i.e., E. coli) in weaned pigs. Bavarsadi et al.
(56) reported that 3.75 and 7.50 mg/kg MCE suppressed E. coli
and Salmonella counts in laying hens. In vitro, MCE has exhibited
antimicrobial and biofilm-eliminated effects for Streptococcus
(64). In addition, Yakhkeshi et al. (65) demonstrated that
dietary supplementation with MCE modulated the intestinal
microflora ecosystem by inhibiting the action of harmful bacteria
and reducing the damage of intestinal epithelial cells by toxic
compounds. To some extent, MB increased the intestinal
beneficial bacteria population that may prevent diarrhea, keep
weaned piglets healthy, and improve growth performance.

Further studies have found that dietary supplementation with
MB positively modulated microbial metabolites, which may
partially explain the bacteriostatic effect of MB. The intestinal
digesta contains many microbial metabolites and fermentation
products that reflect the status of microbial activity and intestinal
health (19). The intestinal pH is associated with the proliferation
of probiotics microbes, prevention of post-weaning diarrhea, and
maintaining the activity of gut enzymes (21, 66). The study,
results showed that dietary supplementation with MB increased
the concentrations of acetate, propionate, butyrate, and total
SCFAs in weaned pigs. Previous studies reported that benzoic
acid regulated the production of acidic metabolites to suppress
the colonization of pathogenic bacteria (67, 68). Yakhkeshi
et al. (65) found that the lower pH values of the cecal in
MCE-treated broiler chickens was mediated by increased SCFA
concentration, which is consistent with our previous study (14).
Thus, the results indicated that dietary supplementation with
MB increased the SCFA concentrations and modulated microbial
metabolic activity.

CONCLUSIONS

In conclusion, dietary supplementation with MB improved
the performance of weaned pigs through improvement of
antioxidant capacity, immunity, and intestinal function. The
moderating effect of MB on intestinal function was associated
with balanced microbial composition, favorable gastrointestinal
environment, and maintenance of intestinal morphology
integrity. The results support the use ofMacleaya cordata extract
and benzoic acid to replace AGP based on the positive effects
on performance, serum immunity, anti-oxidation activity, and
intestinal health in weaned piglets.
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